ABSTRACT: Misfolding and aggregation of α-synuclein (α-syn) is associated with the development of a number of neurodegenerative diseases including Parkinson's disease (PD). Analyses of post mortem tissues revealed the presence of molecular chaperones within α-syn aggregates, suggesting that chaperones play a role in α-syn misfolding and aggregation. In fact, inhibition of chaperone activity aggravates α-syn toxicity, and the overexpression of chaperones, particularly 70-kDa heat shock protein (Hsp70), protects against α-syn-induced toxicity. In this study, we investigated the effect of carbenoxolone (CBX), a glycyrrhizic acid derivative previously reported to upregulate Hsp70, in human neuroglioma cells overexpressing α-syn. We report that CBX treatment lowers α-syn aggregation and prevents α-syn-induced cytotoxicity. We demonstrate further that Hsp70 induction by CBX arises from activation of heat shock factor 1 (HSF1). The Hsp70 inhibitor MAL3-101 and the Hsp70 enhancer 115-7c led to an increase or decrease in α-syn aggregation, respectively, in agreement with these findings. In summary, this study provides a proof-of-principle demonstration that chemical modulation of the Hsp70 machine is a promising strategy to prevent α-syn aggregation.
P rotein misfolding and aggregation plays an important role in the progression of many human diseases. A number of neurodegenerative diseases are associated with the aggregation of α-synuclein (α-syn), a natively unfolded presynaptic protein with unknown function that has the propensity to misfold and aggregate. 1 Misfolded monomers tend to oligomerize into soluble protofibrillar structures and eventually aggregate in the form of insoluble deposits. 2 Accumulation of fibrillar α-syn is characteristic of a number of neurodegenerative diseases including Parkinson's disease (PD), dementia with Lewy bodies (DLB), pure autonomic failure (PAF), and multiple system atrophy (MSA), collectively referred to as synucleinopathies. 3 Presently incurable and affecting 1 million people in the U.S. and more than 4 million people worldwide, PD is the most common neurodegenerative movement disorder. Substantial evidence links α-syn to both familial and sporadic PD. However, the molecular mechanisms underlying α-syn misfolding and the role of α-syn inclusions in the progression of PD pathogenesis remain elusive. Duplication and triplication of the α-syn locus and point mutations in the α-syn-encoding gene (A30P, E46K, and A53T) cause aberrant accumulation and aggregation of misfolded α-syn. 3, 4 Overexpression of α-syn was also reported to induce aggregation and cytotoxicity in cell culture 5 and decreased motor performance and coordination in animal models. 6 Furthermore, overexpression of wild type and mutant α-syn in primary rat cell cultures caused increased sensitivity to neurotoxins and the death of dopaminergic neurons, respectively. 5 Heat shock proteins (HSPs), ubiquitinated proteins, and components of the ubiquitin-proteasome system (UPS) accumulate within α-syn aggregates, implicating both protein misfolding and UPS dysfunction in PD and other synucleinopathies. 7 The insoluble cytoplasmic aggregates that form upon overexpression of α-syn in cell culture colocalize with HSPs. 8 HSPs are highly conserved molecular chaperones that protect cells from proteotoxic stress by preventing protein misfolding and aggregation and by promoting the degradation of aberrantly accumulating misfolded proteins. 9 Particularly, the 70-kDa heat shock protein (Hsp70) was shown to interact with α-syn, to prevent α-syn aggregation, and to protect the cell from α-syn-induced toxicity. 10−12 Overexpression of Hsp70 was also reported to suppress the loss of dopaminergic neurons caused by α-syn accumulation in a Drosophila model 13 and to prevent α-syn aggregation in mice and in cell culture.
14 HSPs, such as Hsp70, are upregulated upon activation of Heat Shock Factor 1 (HSF1), which typically occurs as part of the cellular stress response to restore protein homeostasis. 15 Not surprisingly, HSF1 overexpression reduced α-syn accumulation and aggregation by enhancing Hsp70 expression.
Based on these data, chemical modulation of Hsp70 provides a new avenue to prevent α-syn aggregation and, potentially, to treat protein misfolding diseases in which the formation of nonnative proteinaceous inclusion bodies is associated with neurodegeneration. To this end, a number of small molecules have been reported that upregulate Hsp70 expression with different mechanisms of action. For example, inhibition of proteasomal degradation using MG-132 and lactacystin induces HSF1 activation and HSP expression. 18 Celastrol, a quinone methide triterpene, induces HSF1 activation and Hsp70 upregulation with kinetics similar to heat shock. 19 Geranylgeranylacetone (GGA), a known antiulcer drug, was also reported to upregulate Hsp70 through activation of HSF1. 20 Hsp90 inhibitors, geldanamycin and 17-allylamino-17-demethoxygeldanamycin (17-AAG), were also shown to mediate Hsp70 upregulation and thus reduce α-syn aggregation. 21, 22 Carbenoxolone (CBX), a glycyrrhizic acid derivative, is widely used for the treatment of peptic ulcers 23 and was reported to have neuroprotective effects in animal models of isechemia. 24 Recent evidence showed that CBX activates HSF1 and upregulates Hsp70 levels in cells. However, it is unclear whether CBX treatment also leads to upregulation of other HSPs. 25−27 In addition, the molecular mechanism involved in the activation of HSF1 induced by CBX treatment is elusive. Evidence suggests that CBX induces membrane potential collapse and ROS generation by interacting with the respiratory chain in the mitochondria, thereby causing oxidative stress. 28 It was therefore hypothesized that the heat shock response is activated as part of the cellular response to CBX-induced oxidative stress.
In this study, we investigated whether treatment with CBX prevents α-syn aggregation in human neuroglioma cells. We generated a human neuroglioma cell line stably transfected for the overexpression of α-syn fused to GFP to facilitate visualization of the soluble and aggregated protein. We then demonstrated that treatment with CBX lowers α-syn aggregation. Mechanistic studies revealed that CBX treatment activates HSF1 and thereby upregulates Hsp70. The mechanism of CBX-mediated upregulation of Hsp70 involves mild induction of oxidative stress. However, CBX treatment did not result in cytotoxicity or apoptosis induction under conditions that prevented α-syn aggregation. Additionally, we report that direct chemical modulation of Hsp70 activity dramatically affects α-syn aggregation, confirming the role of the Hsp70 machine as a potential therapeutic target for the treatment of synucleinopathies and perhaps other neurodegenerative diseases associated with protein aggregation.
■ RESULTS AND DISCUSSION
CBX Treatment Prevents α-syn Aggregation. In order to evaluate whether treatment with CBX influences the formation of α-syn aggregates, we treated H4 cells stably transfected for the expression of α-syn fused to GFP at its Cterminal end (H4/α-syn-GFP) and evaluated the relative amount of α-syn-GFP that accumulates in insoluble aggregates. The use of α-syn-GFP as a valid reporter for disease-associated phenotypes has been previously established. 29, 30 We investigated α-syn aggregation in H4/α-syn-GFP cells incubated with a range of CBX concentrations for 16 h by monitoring GFP fluorescence and binding of the ProteoStat dye, a 488-nm excitable red fluorescent molecule that specifically interacts with denatured proteins within protein aggregates. 31 Cells treated with MG-132 (0.5 μM), a proteasome inhibitor previously Images of α-syn-GFP fluorescence (green, column 1) and aggregates, detected using the ProteoStat dye (red, column 2), were merged (column 3) and analyzed using NIH ImageJ software. Colocalization of α-syn-GFP and ProteoStat dye were evaluated using the Colocalization Colormap plugin (column 4): "hot" colors represent a positive correlation and "cold" colors represent a negative correlation. High colocalization represented by hot colors was depicted by filtering colormap images based on hue as described in Methods (pixels 1−60) (column 5). Scale bar represents 20 μm. evaluate the extent of colocalization of α-syn-GFP and the ProteoStat dye, which provides a read-out for α-syn-GFP aggregation. Detection of α-syn aggregation in H4/α-syn-GFP cells in the presence or absence of MG-132 was demonstrated by the punctate GFP fluorescence (column 1) and by the hot colors in the filtered colocalization colormaps (high colocalization, column 5). However, α-syn-GFP aggregation decreased in H4/α-syn-GFP cells treated with CBX in a concentrationdependent manner. Specifically, α-syn-GFP aggregation was undetectable in H4/α-syn-GFP cells treated with a concentration of CBX greater than 50 μM, as shown by the lack of colocalization between α-syn-GFP and the aggregation-specific dye (Figure 1a , rows 5 and 6). Additional images are displayed in the Supporting Information (Supplementary Figure S1 ). α-syn-GFP aggregation was also evaluated by quantifying the extent of colocalization between the dye and α-syn-GFP in single cells (Table 1) . MG-132 treatment resulted in an increase in the percentage of cells containing high colocalization (72.2%) compared to untreated H4/α-syn-GFP cells (high: 59.7%; low: 92.8%), as expected. 31 Treatment with CBX caused a dramatic decrease in the percentage of cells displaying high (5.6%) and low (43.5%) colocalization compared to untreated H4/α-syn-GFP cells.
Next, we compared the effect that CBX treatment has on protein aggregation in H4/α-syn-GFP cells and in H4 cells that lacked the α-syn-GFP overexpression vector. This experiment was conducted to measure how this treatment might generally impact cellular protein homeostasis, since a significant percentage of all proteins are aggregation-prone. 32 H4 and H4/α-syn-GFP cells were treated and imaged as described above, and the average pixel intensity of the ProteoStat dye was calculated to quantify total protein aggregation. Treatment of H4/α-syn-GFP cells with CBX (50 μM) caused a 2.3-fold decrease in cellular aggregation compared to untreated cells (Supplementary Table S1 ), consistent with the data in Table 1 . The average intensity of the aggregation-specific dye detected in H4 cells in the presence or absence of MG-132 (0.5 μM) was similar to that observed in H4/α-syn-GFP cells under the same conditions. Interestingly, while CBX treatment again decreased aggregation in H4/α-syn-GFP cells (2.3-fold), it caused a mild increase in general protein aggregation in H4 cells (1.6-fold) compared to untreated cells. These results suggest that administration of CBX to otherwise healthy cells can promote some degree of cellular protein aggregation, perhaps due to the action of CBX inhibition on connexins, and subsequently, cell cycle control. 33 In contrast, CBX treatment of cells accumulating aberrant misfolded and aggregation-prone proteins (H4/α-syn-GFP cells) exhibits a protective effect.
To quantify the effects of small molecule treatment on the extent of total protein aggregation, we calculated the aggregation propensity factor (APF; see Methods) of H4 and H4/α-syn-GFP cells treated with MG-132 (0.5 μM) and CBX (50 μM) relative to untreated H4 cells. The fluorescence of ProteoStat dye relative to untreated H4 cells was measured by flow cytometry (Figure 1b) . We found that the APF of H4 cells was enhanced to 28.1% upon incubation with MG-132 and to 30.6% upon incubation with CBX. Untreated H4/α-syn-GFP cells displayed an APF of 67.0%, and MG-132 treatment increased the APF to 73.2%. However, CBX treatment caused a dramatic decrease in aggregate dye binding, thus lowering the APF of H4/α-syn-GFP cells to 37.2%. These findings confirm the results obtained with fluorescence microscopy.
α-syn-GFP aggregation in H4/α-syn-GFP cells treated with MG-132 (0.5 μM) or CBX (50 μM) was also confirmed by evaluating the relative accumulation of α-syn in Triton X-100 soluble and insoluble protein fractions by Western blot. Accumulation of soluble α-syn was largely unchanged upon MG-132 treatment but was considerably enhanced by CBX treatment. Consistent with this result, CBX also decreased the amount of insoluble α-syn compared to the untreated control ( Figure 1c ). These results are in agreement with what was observed from the florescence microscopy and flow cytometry studies above, and confirm that CBX treatment reduces α-syn aggregation. CBX treatment did not alter α-syn transcription, as evaluated by quantitative RT-PCR (Supplementary Figure S2) , suggesting that CBX mediated reduction in α-syn aggregation is not due to an effect on α-syn expression. Interestingly, α-syn accumulation in the insoluble fraction increased upon treatment with MG-132, in agreement with the data in Figure 1b . The apparent net increase in the amount of α-syn-GFP in MG-132-treated cells (i.e., soluble and insoluble fractions) is consistent with a fraction of this protein being targeted for proteasome-mediated degradation. 7 CBX Upregulates Hsp70 in H4/α-syn-GFP Cells. CBX was previously reported to induce the expression of HSPs, particularly Hsp70, by activating HSF1. 26 Thus, we asked whether CBX treatment prevents α-syn aggregation by upregulating Hsp70. We demonstrate here that Hsp70 mediates a reduction of α-syn aggregation in H4/α-syn-GFP cells treated with CBX using five independent experiments designed to evaluate Hsp70 expression (Figure 2 ), the effect of Hsp70 activity on α-syn aggregation and solubility ( Figures 3  and 4) , and activation of HSF1 ( Figure 5 ).
The relative mRNA expression levels of Hsp70 (NM_005345) in H4 and H4/α-syn-GFP cells treated with CBX (50 μM) were evaluated by quantitative RT-PCR as previously described 34 and compared to the expression levels of Hsp27 (X54079), Hdj1 (Hsp40 (NM_006145)), and Hsp90 (NM_005348). As anticipated, we observed that Hsp70 expression was upregulated upon CBX treatment in H4 (2.1-fold) and H4/α-syn-GFP (3.0-fold) cells. We found that CBX treatment did not considerably alter the mRNA expression levels of Hsp27, Hdj1, or Hsp90 in H4 cells and resulted in a modest increase in the mRNA expression levels of Hsp27 (1.7-fold) and Hsp90 (1.9-fold) but not Hsp40 in H4/α-syn-GFP cells (Figure 2a) . Interestingly, Hsp27, which was previously reported to modulate α-syn-induced toxicity in cell culture, 35 was not found to be considerably upregulated by CBX, suggesting that CBX-mediated reduction of α-syn aggregation (Figure 2b) . Treatment of H4/α-syn-GFP cells with CBX results in a 52% increase in Hsp70 protein ( Figure  2c) , which is comparable to what was observed in cells subjected to heat shock. However, treatment of H4/α-syn-GFP cells with CBX was found not to affect the accumulation of Hdj1, an Hsp40 cochaperone, which regulates the formation of complexes between Hsp70 and client proteins, and is thus expected to affect Hsp70-mediated folding (Figure 2b,c) . 9 These data suggest that, among HSPs, Hsp70 is the primary and perhaps only mediator of the CBX effect on α-syn-GFP aggregation.
The effect of CBX on Hsp70 expression was also confirmed by monitoring the activation of the Hsp70 promoter in H4/α-syn-GFP cells treated with CBX. H4/α-syn-GFP cells were transfected with pDRIVE5SEAP-hHSP70 (Invivogen), a vector engineered for the expression of embryonic alkaline phosphatase (SEAP) under the control of human Hsp70 promoter, and were then treated with CBX (100 μM) for 8 h. CBX treatment resulted in a 3.2-fold increase in SEAP expression compared to untreated H4/α-syn-GFP cells (Figure 2d , also see Supplementary Figure S3 ). Activation of the Hsp70 promoter induced by heat shock (40-fold increase) is reported here for comparison. These results suggest that moderate upregulation of Hsp70 is sufficient to reduce α-syn-GFP aggregation.
To evaluate whether the decrease in α-syn aggregation observed in H4/α-syn-GFP cells treated with CBX depends on Hsp70 activity, we monitored aggregate dye binding upon inhibition of Hsp70 activity using MAL3-101, a compound that blocks the interaction between Hsp40 cochaperones and Hsp70 and inhibits the stimulation of ATP hydrolysis in vitro.
36 MAL3-101 was previously shown to inhibit Hsp70 activity in cells and in cell culture systems.
37−40 α-syn-GFP aggregation was examined by evaluating GFP and ProteoStat dye fluorescence in H4/α-syn-GFP cells treated with CBX (50 μM) and/or MAL3-101 (10 μM). We found that MAL3-101 inhibited the ability of CBX to prevent α-syn-GFP aggregation (Figure 3a , compare CBX to CBX+MAL3-101 images). Also, as might be anticipated, MAL3-101 on its own failed to solubilize α-syn-GFP, consistent with the requirement for Hsp70 to mediate this activity.
To quantify the effect of MAL3-101 treatment on CBXmediated reduction in α-syn aggregation, we monitored ProteoStat dye binding by flow cytometry in H4/α-syn-GFP cells treated with CBX and MAL3-101 and calculated the aggregation propensity factor (APF; see Methods) of cells treated with CBX and MAL3-101 relative to untreated cells. CBX treatment resulted in dramatic decrease in ProteoStat dye binding (APF = −17%; Figure 3b ). As expected, MAL3-101 treatment was found to increase ProteoStat dye binding (APF = 6.3%) compared to untreated cells. We also observed an increase in ProteoStat dye binding upon addition of MAL3-101 to CBX-treated cells (APF = 9.7%). These data are in agreement with the results obtained from the fluorescence microscopy analysis (Figure 3a) and suggest that MAL3-101 prevents CBX-induced reduction in α-syn aggregation in H4/α-syn-GFP cells. Together, these results confirm that CBXinduced Hsp70 upregulation plays a key role in preventing α-syn-GFP aggregation and that inhibition of Hsp70 by MAL3- Band analyses and quantifications were conducted using NIH ImageJ software. Experiments were repeated three times, and data points are reported as mean ± SD. (d) SEAP reporter assay using an expression vector that contains the promoter region of human Hsp70 gene fused to the gene encoding secreted embryonic alkaline phosphatase in H4/α-syn-GFP cells untreated or subjected to heat shock or treated with CBX (50 μM) (*p < 0.05). SEAP activity was evaluated by measuring the absorbance of QUANTI-Blue reagent and normalized to untreated H4/α-syn-GFP cells. The data are reported as the mean ± SD (n = 3).
101 promotes the formation of α-syn-GFP into insoluble aggregates.
To further explore the effect of chemical modulation of Hsp70 activity on α-syn aggregation, we examined aggregate dye binding upon enhancement of Hsp70 activity. Hsp70 was activated by treating H4/α-syn-GFP cells with 115-7c (UPCMLD00WMAL1−271; PubChem CID 5461551), a small molecule that binds to a region of Hsp70 adjacent to the surface involved in J-domain stimulation and that works in cooperation with Hsp40 cochaperones to enhance nucleotide hydrolysis in vitro. 41, 42 The specificity of 115-7c binding to Hsp70 was previously demonstrated, validating the use of this compound to investigate Hsp70 activity. 42 α-syn-GFP aggregation was tested by monitoring GFP and ProteoStat dye fluorescence in H4/α-syn-GFP cells treated with a range of 115-7c concentrations for 16 h. Treatment with 115-7c lowered α-syn aggregation at all concentrations tested as shown by the loss of colocalization between α-syn-GFP and the ProteoStat dye compared to untreated cells (Figure 4a ). We also investigated the effect of Hsp70 activation in H4/α-syn-GFP cells treated with CBX. To quantify the effects of 115-7c treatment on CBX-induced decrease of total protein aggregation, we monitored ProteoStat dye binding by flow cytometry in H4/α-syn-GFP cells treated with CBX and 115-7c and calculated the aggregation propensity factor (APF; see Methods) relative to that of untreated cells. 115-7c treatment decreased ProteoStat dye binding (APF = −13.2%) compared to untreated cells, and cotreatment with 115-7c and CBX further reduced ProteoStat dye binding (APF = −44.4%) (Figure 4b ). These results confirm the role of Hsp70 in preventing α-syn aggregation and suggest that chemical upregulation of Hsp70 expression and activity both affect α-syn aggregation.
To further confirm that chemical modulation of Hsp70 expression and activity prevents accumulation of α-syn aggregates by increasing α-syn solubility, we used an α-synsplit GFP complementation assay. In this assay, GFP is cleaved into two unequal size fragments: a large "detector" fragment (GFP 1−10 ) and a short β-sheet "sensor" fragment (GFP 11 ), which when fused to a protein of interest functions as a sensor of protein solubility. 43 In this assay, the sensor fragment was 
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Articles dx.doi.org/10.1021/cb400017h | ACS Chem. Biol. XXXX, XXX, XXX−XXX fused to α-syn. Fluorescence complementation occurs only when α-syn is maintained in soluble form and the sensor fragment is accessible to the detector fragment. As a result, GFP fluorescence is a measurement of α-syn solubility and is inversely proportional to α-syn aggregation. 44 A transfection control consisting of a plasmid encoding a red fluorescent protein (mCherry) was included to account for differences in expression levels of α-synGFP 11 or GFP 1−10 , as previously described. 44 The effect of Hsp70 on α-syn-GFP solubility was evaluated by monitoring GFP fluorescence in H4 cells expressing α-syn-GFP 11 and GFP 1−10 and treated with CBX and 115-7c. GFP fluorescence increased in cells treated with CBX (16.4%) and 115-7c (17.0%) and cotreated with CBX and 115-7c (21.7%) (Figure 4c ). These results confirm that Hsp70 prevents α-syn aggregation by enhancing its solubility.
CBX Reduces α-syn Aggregation by Activating HSF1. Hsp70 and other heat shock proteins are upregulated upon HSF1 activation. In mammalian cells, HSF1 activation is a multistep process that involves the phosphorylation and translocation of HSF1 from the cytoplasm to the nucleus and the formation of large, irregularly shaped HSF1 granules.
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HSF1 granules were previously observed in the nuclei of CBXtreated cells, suggesting that CBX causes HSP upregulation by activating HSF1. 26 Therefore, we evaluated the intracellular localization of HSF1 in H4/α-syn-GFP cells treated with CBX. Cells were incubated with the Hoechst 33342 fluorescent stain that allows visualization of the nuclei (Figure 5a , row 1) and with a fluorescently labeled anti-HSF1 antibody (Figure 5a , row 2), and images were analyzed as described above. Under control conditions, HSF1 resided throughout the nucleus in untreated H4/α-syn-GFP cells. Upon heat shock (42°C for 2 h), HSF1-positive granules formed in the nuclei (arrows in Figure 5a ) are characteristic of HSF1 activation. 45 Treatment of H4/α-syn-GFP cells with CBX for 2 and 4 h resulted in the formation of HSF1 granules similar to those observed upon heat shock, consistent with the notion that the effect of CBX is mediated through HSF1 activation.
To demonstrate that Hsp70 induction by CBX and the consequent reduction in α-syn aggregation is HSF1-dependent, H4/α-syn-GFP cells were treated with KNK-437, a known inhibitor of the heat shock response. 46 α-syn-GFP aggregation was examined by evaluating GFP and ProteoStat dye fluorescence in H4/α-syn-GFP cells treated with CBX (50 μM) and KNK-437 (10 μM). KNK-437 treatment was verified to promote protein aggregation in H4 cells (Supplementary Figure S4a) and resulted in a decrease in α-syn solubility as verified using the α-syn-split GFP complementation (Supplementary Figure S4b ). As expected, KNK-437 failed to solubilize α-syn-GFP (Figure 5b ). Co-treatment with KNK-437 and CBX resulted in an increase in α-syn-GFP aggregation compared to treatment with CBX, suggesting that KNK-437 treatment counteracts the effect of CBX (Figure 5b , compare CBX to CBX+KNK-437 images). To quantify the effects of KNK-437 treatment on CBX-mediated reduction of α-syn aggregation, we monitored ProteoStat dye binding by flow cytometry in H4/α-syn-GFP cells treated with CBX and 115-7c and calculated the aggregation propensity factor (APF; see Methods) relative to untreated cells. KNK-437 treatment increased ProteoStat dye binding (APF = 12.8%) compared to untreated cells. While CBX treatment, as reported above, lowers the ProteoStat dye binding (APF = −17%), the addition of KNK-437 to cells treated with CBX resulted in an increase in ProteoStat dye binding (APF = 11.9%) (Figure 5c ). Together, these results confirm that CBX-induced Hsp70 upregulation is HSF1-dependent and that inhibition of the heat shock response by KNK-437 promotes α-syn aggregation.
CBX Induces Moderate Oxidative Stress. CBX induces the collapse of mitochondria membrane potential and production of reactive oxygen species (ROS) in neurons. 28, 47 Figure 5. HSF1 is activated in H4/α-syn-GFP cells treated with CBX. (a) H4/α-syn-GFP cells untreated or subjected to heat shock (42°C for 2 h followed by 4 h incubation at 37°C) or treated with CBX (50 μM for 2 or 4 h) were analyzed by immunofluorescence microscopy to monitor HSF1 localization. The nucleus was detected with Hoechst 33342 fluorescent stain (blue, column 1), and HSF1 was detected using a rabbit anti-HSF1 antibody (red, column 2). Arrows indicate HSF1-positive stress granules. Images were analyzed and merged (column 3) using NIH ImageJ software. Scale bar represents 10 μm. (b) Fluorescence microscopy of H4/α-syn-GFP cells untreated or treated with CBX (50 μM) and/or KNK-437 (10 μM) for 16 h. Images were analyzed as described in Figure 1 . Scale bar represents 20 μm. (c) Total protein aggregation in H4/α-syn-GFP cells untreated or treated with CBX (50 μM) and/or KNK-437 (10 μM) for 16 h. Total protein aggregation was quantified by measuring binding of the ProteoStat aggregation dye by flow cytometry. The APF was calculated as described in Figure 2 . The data are reported as the mean ± SD (n = 3). Oxidative stress has been repeatedly observed to induce Hsp70 upregulation via HSF1 activation, which in turn lowers proteotoxicity caused by ROS damage and protein misfolding. 15, 48, 49 Hence, it was speculated that the cytoprotective effect of CBX is mediated through induction of oxidative stress. We asked whether CBX treatment induces oxidative stress in H4/α-syn-GFP cells. Oxidative stress was evaluated using dihydrorhodamine 6G, a cell-permeable molecule that is oxidized to fluorescent rhodamine 6G upon induction of oxidative stress. 50 H4 and H4/α-syn-GFP cells were treated with MG-132 (0.5 μM) or CBX (50 μM) for 16 h, and rhodamine 6G (R6G) fluorescence was measured by flow cytometry. H 2 O 2 treatment, under conditions previously reported to cause oxidative stress (100 μM for 1 h), 51 was used as a positive control in this experiment (Supplementary Figure S5) . H 2 O 2 and MG-132 resulted in 39.4% and 34.6% increases in R6G fluorescence, respectively, in H4/α-syn-GFP cells (Figure 6a) . Treatment with CBX resulted in an 11.7% increase in R6G fluorescence. These results suggest that CBX induces mild oxidative stress, which is likely to trigger HSF1 activation and Hsp70 upregulation. We also observed a 37.4% and 35.7% increase in R6G fluorescence in H4 cells treated with H 2 O 2 and MG-132, respectively, under the same conditions (Figure 6b ). However, incubation of H4 cells with CBX did not result in a significant increase in R6G fluorescence, suggesting that the CBX-triggered increase in general protein aggregation in H4 cells (Figure 1b) arises from another phenomenon. Based on these data, it also cannot be excluded that additional pathways, distinct from induction of oxidative stress, may contribute to CBX-mediated activation of HSF1 and Hsp70 upregulation. These results suggest that the effect of CBX might be cell-type-specific, as previously suggested, 26 and that CBX-mediated induction of oxidative stress is likely to have a protective effect under conditions causing proteotoxic stress such as misfolding and aggregation.
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Next, we investigated whether CBX treatment under conditions that induce oxidative stress and prevent α-syn-GFP aggregation causes cytotoxicity and cell death. Apoptosis induction was evaluated in H4 and H4/α-syn-GFP cells treated with CBX (50 μM) by monitoring membrane rearrangement (Annexin V binding), which is characteristic of early apoptosis, and membrane fragmentation (propidiumiodide (PI) binding), which is characteristic of late apoptosis, as previously described. 52, 53 Taxol stabilizes microtubules leading to G2/M cell cycle arrest and apoptosis 54 and was thus used as a positive control in this experiment. H4/α-syn-GFP cells treated with taxol (50 nM) presented a 68.7% increase in Annexin V binding compared to untreated cells (Figure 6c) . Treatment of H4/α-syn-GFP cells with CBX did not cause cytotoxicity but resulted in a decrease (20.0%) in Annexin V binding. Similar results were obtained after incubating H4 cells with taxol and CBX under the same conditions, which resulted in a 75.3% increase and a 7.2% decrease in Annexin V binding, respectively ( Figure  6d) . Moreover, the small molecules tested caused no considerable changes in the relative PI-positive population in H4 and H4/α-syn-GFP cells (Supplementary Figure S6) . These results indicate that CBX treatment does not cause cytotoxicity in H4/α-syn-GFP cells under conditions shown to cause mild oxidative stress and prevent α-syn-GFP aggregation.
In summary, CBX-induced HSF1 activation and Hsp70 upregulation reduces α-syn-GFP aggregation and α-synassociated toxicity in a synucleinopathy model. Additionally, this study demonstrates, for the first time, that chemical modulation of Hsp70 activity, investigated using the Hsp70-specific modulators MAL3-101 and 115-7c, impacts α-syn aggregation, thereby validating the use of chemical modulators of Hsp70 expression and activity to reduce the accumulation of α-syn aggregates. Results from this study thus provide a proofof-principle demonstration that chemical modulation of the Hsp70 machine is a viable therapeutic strategy for the treatment of diseases characterized by α-syn misfolding and deposition. Considering the limited penetration of CBX into the blood brain barrier, 55 these findings motivate the search for safer and more effective CBX analogues for the treatment of synucleinopathies and potentially other protein misfolding diseases caused by deposition of proteinaceous aggregates.
■ METHODS
A detailed description of the materials and methods including primers, plasmid construction, cell lines, stable transfections, aggregation studies, cell fractionation, quantitative RT-PCR, SEAP reporter assay, immunofluorescence analyses, split-GFP assay, apoptosis assay, and measurement of intracellular ROS generation is provided in the Supporting Information. Aggregation studies were conducted using the ProteoStat Aggregation detection kit (Enzo Life Sciences) according to manufacturer's protocol. Colocalization of α-syn-GFP and the ProteoStat dye in H4/α-syn-GFP cells was evaluated by fluorescence microscopy using the Colocalization Colormap script. ProteoStat dye fluorescence intensity was measured by flow cytometry (FACSCanto II, BD Biosciences). Additional details are provided in the Supporting Information. 
